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(54) Wavelength selective polarization beam splitter/combiner 



(57) A wavelength selective polarization beam de- 
vice uses waveguide grating routers (WGRs) having bi- 
refringent grating waveguides. When the device is used 
as a splitter it separates different wavelength channels 
of a wavelength division multiplexed (WDM) signal as 



well as the orthogonal polarization components of each 
wavelength channel. Since the WGR device is recipro- 
cal, it can also be used as a combiner to combine the 
orthogonal polarization components of each wave- 
length channel into a WDM signal. 
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Description 

Technical Field of the Invention 

[0001] This invention relates to a wavelength selec- 
tive beam splitter/combiner and, more particularly, to a 
method of and apparatus for implementing a polarized 
wavelength selective beam splitter/combiner. 

Background of the Invention 

[0002] One technique for increasing the capacity of a 
wavelength division multiplexed (WDM) transmission 
system is to increase the number of optical wavelengths 
that can be processed by the system. As the number of 
wavelengths increases, the wavelength separation be- 
tween adjacent wavelength channels decreases result- 
ing in an increase in the four wave mixing that occurs 
between adjacent wavelength channels. Moreover, be- 
cause four wave mixing increases as a function of power 
level and distance these additional conditions must be 
considered in any WDM system design. 
[0003] It is known that an optical signal outputted from 
an optical fiber has both a transverse electric, TE, and 
a transverse magnet c TM modes . The TE and TM com- 
ponents could also bo modulated and used as separate 
signal channels Typ cally however, optical systems are 
designed to modulate and process the merged TE and 
TM components as one s»cnai rather than to separately 
modulate and process the TE and TM components of 
the signal. Wi:h reference to Fig 1. prior systems did 
not separately process the TE and TM components be- 
cause a separate poian/inq beam splitter (PBS) 105 
would be needed lor each wavelength being demulti- 
plexed by the system 

[0004] Because o f the increasing demand for data 
transmission capacity tnere is a continuing need to fur- 
ther increase the capacity ol optical transmission sys- 
tems. 

Summary of the Invention 
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and (3) an optical grating including a first plurality of un- 
equal length birefringent grating waveguides connect- 
ing the first plurality of first star coupler outputs and the 
first plurality of second star coupler inputs, the path 
length difference of adjacent grating waveguides deter- 
mining the first and second spatial wavelength separa- 
tions. 

[0007] In other embodiments, the spatial separation 
between the output ports of the second star coupler can 
be made the same or unequal. In another embodiment, 
each wavelength uses only one polarization and adja- 
cent wavelengths are orthogonally polarized to reduce 
four wave mixing of the wavelengths. In a further em- 
bodiment, the WGR uses birefringent grating 
waveguides having a uniform cross section core while 
in another embodiment different parts of the 
waveguides have different cross sections. 

Brief Description of the Drawings 
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[0005] In accordance with the present invention, we 
implement a wavelength selective polarization beam 
splitter/combiner using waveguide grating routers 
(WGRs) having birefringent grating waveguides. 
[0006] More particularly, in accordance with our in- 
vention, a birefringent wavelength grating router (WGR) 
comprises (1 ) a first star coupler having an input and a 
first plurality of outputs : the input for receiving an N 
channel wavelength division multiplexed, WDM, signal; 
(2) a second star coupler having a f irst plurality of inputs 
and N pairs of outputs, each output pair associated with 
different orthogonal polarization states of one wave- 
length of the WDM signal and each output pair having 
a first predetermined spatial wavelength separation 
therebetween and a second predetermined spatial 
wavelength separation from an adjacent output pair; 
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[0008] In the drawings, 

Fig. 1 shows an illustrative block diagram of a prior 
art WDM system, including an multiplexer and de- 
multiplexer implemented using a separate polariz- 
ing beam splitter (PBS) to separate the transverse 
electric, TE, and a transverse magnetic TM, signal 
channels processed by the system; 
Fig. 2 shows, in accordance with the present inven- 
tion, an illustrative block diagram of our WDM sys- 
tem, including a wavelength selective polarization 
beam combiner and splitter, arranged to use the TE 
andTM modes of each wavelength as separate sig- 
nal channels; 

Fig. 3 shows a diagram of our birefringent 
waveguide grating router (WGR); 
Fig. 4 shows an illustrative spectral response of one 
output of a WGR showing the TE and TM compo- 
nents; 

Fig. 5 shows, illustratively, the spatial separation of 
the output ports and the resulting output spectrum 
of our birefringent WGR; 

Fig. 6 shows, illustratively, an uneven spatial sepa- 
ration of the output ports and the resulting output 
spectrum of our birefringent WGR; 
Figs. 7a and 7b illustratively show, respectively, the 
core cross section of a grating waveguide of a typ- 
ical WGR and the core cross section of a grating 
waveguide of our birefringent WGR; 
Fig. 8 shows an illustrative diagram of the range of 
aspect ratios of the height to width that may be used 
for a grating waveguide core of our birefringent 
WGR; and 

Figs. 9a and 9b show an illustrative trapezoidal 
cross section that may be used for a grating 
waveguide of our birefringent WGR. 

[0009] In the following description, identical element 
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designations in different figures represent identical ele- 
ments. Additionally in the element designations, the first 
digit refers to the figure in which that element is first lo- 
cated (e.g., 105 is first located in FIG. 1). 

Detailed Description 

[0010] Shown in Fig. 1 is an illustrative block diagram 
of a prior art WDM system arranged to transmit sepa- 
rately modulated transverse electric, TE, and a trans- 
verse magnetic TM, signal components or channels. 
The separately modulated TE and TM channels of each 
wavelength are combined in a combiner 1 01 and formed 
into a TE/TM interleaved WDM signal in multiplexer 1 02. 
The resulting signal is sent over optical fiber 103 to de- 
multiplexer 104 where separate splitters 105 split each 
wavelength into its TE and TM components. Undesira- 
bly, this arrangement requires a separate combiner 1 01 
and splitter 1 05 for each wavelength of the WDM signal. 
[0011] Figure 2 shows, in accordance with the present 
invention, an illustrative WDM optical system, including 
a wavelength selective polarization beam combiner 201 
and splitter 202, each implemented using a birefringent 
WGR. The WDM system is arranged to directly input/ 
output the TE and TM orthogonal components of each 
wavelength as separate signal channels. Thus if a WDM 
signal has N wavelengths, each with TE and TM com- 
ponents, the combiner 201 has 2N input ports and split- 
ter 202 has 2N output ports to separately handle each 
of the TE and TM components of each of the N wave- 
lengths. 

[0012] Figure 3 shows a diagram of our birefringent 
waveguide grating router (WGR) 300 used to implement 
both the wavelength selective polarization beam com- 
biner201 andsplitter202.The WGR 300 is a 1xN device 
that is used to demultiplex an optical spectrum of a WDM 
input inputted at port 301 into its N separate wave- 
lengths at ports 302. Note, since each of the N wave- 
lengths have two polarization components, the WGR 
has 2N output ports. Since the WGR 300 is reciprocal 
in operation, it can also be used as a multiplexer with N 
separate wavelengths inputted into ports 302 and a 
WDM signal outputted from port 301 . The WGR 300 
may be implemented in the manner described in U. S. 
Patent 5,136,671, issued to C. Dragone on Aug. 4, 
1992, which description is incorporated by reference 
herein. 

[0013] The WGR 300 is shown to include a first star 
coupler 303, a second star coupler 305, and an optical 
grating region 31 0. The first star coupler 303 has an in- 
put port 301 and a plurality of output ports 304. The input 
port 301 is used for receiving an N channel WDM signal 
which is distributed to the plurality of output ports 304. 
The second star coupler 305 has a plurality of input ports 
306 and 2N output ports 302, each output port associ- 
ated with a demultiplexed TE or TM component of a 
wavelength of the WDM signal. The optical grating 310 
includes a plurality of unequal length birefringent grating 



4 

waveguides which connect between the output ports 
304 of star coupler 303 to the input ports 306 of star 
coupler 305. 

[0014] The spatial position of each demultiplexed 
wavelength on the output ports 302 depends upon the 
path length of the central waveguide 311 in the grating 
region 310 of WGR 300. The wavelength separation at 
the various output ports is determined by the path length 
difference AL between the adjacent waveguides of the 
grating region 310. By precisely designing this path 
length difference, AL, output wavelength separations of 
0.8nm (100GHz frequency separation) and 0.4nm 
(50GHz frequency separation) are now achieved rou- 
tinely. 

[0015] The path length of the central waveguide 311 
of grating region 310 is a product of the effective index, 
n, of the waveguided mode and the physical length, L, 
of the central waveguide 311. The relationships of the 
central wavelength Xo and the wavelength separation, 
AX, of WGR 300 to the physical length L of the centraJ 
waveguide 311 and the physical length difference, AL, 
between the waveguides are as follows 

m • Xo = n • L 



AA7Xo=AL/L 

[0016] Here m is a constant known as the "grating or- 
der." If the waveguides in the grating region 311 of the 
WGR support only a single transverse optical mode, 
there is a unique effective index n that applies in the re- 
lationship shown above; In WGRs with multimode 
waveguides, there is more than one effective index n { (i 
= 1 ... N) to contend with. Consequently, A.o and AX will 
be different for the different transverse modes and the 
WGR 300 does not work effectively. 
[0017] Often, in a single transverse mode the grating 
waveguides are able to sustain the two polarization 
states - namely TE and TM. In this case, n TE - n TM is 
typically on the order of 0.001 . While L is typically three 
to four orders of magnitude greater than Xo, AL is no 
more than 20-30 times largerthan A.o. Consequently, the 
spatial difference between Xo :TB and Xo, TM may be sig- 
nificant without a significant difference between AX TB 
and AX TM . In a WGR, this results in an output spectrum 
with two distinct components as shown in Fig. 4 - one 
associated with the TE polarization state (or compo- 
nent) and the other associated with the TM polarization 
state of the fundamental transverse mode. Figure 4 il- 
lustratively shows the response spectrum of one wave- 
length channel of a 32 channel WDM signal having 100 
GHz separation between channels. The two peaks in 
the passband of the 1551 nm wavelength channel rep- 
resent the orthogonal TE and TM components of the 
1551 nm wavelength signal. The peaks are separated 
by A^te.™ = 0.4nm (50GHz at 1551 nm). In accordance 
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with the present invention, we have illustratively de- 
signed star coupler 305 of WGR 300 to have 64 chan- 
nels (50 GHz spacing), a TE and TM pair of channels 
for each of the 32 wavelengths of the WDM signal in- 
putted to star coupler 303. Thus, each TE and TM com- 
ponent of each wavelength has its own output port at 
star coupler 305. Note, since WGR 300 is reciprocal it 
is also used as a multiplexer, e.g., 201 of Fig. 2. When 
used as a multiplexer the data modulated TE and TM 
components of each wavelength would enter a separate 
port into star coupler 305 and be multiplexed together 
to form a 64 channel WDM signal (TE and TM compo- 
nents for each of 32 wavelengths). 
[0018] More generally, we design a WGR 300 such 
that the difference between Xoj E and Xo™ is equal to 
AX/2. Along with this, our design includes output ports 
at star coupler 305 having a spatial separation corre- 
sponding to a wavelength separation AV2. In this case, 
the output spectrum consists of separate TE and TM 
modes (or components) for each wavelength. Thus if an 
input WDM signal to port 301 of WGR 300 has N wave- 
lengths, there are 2N output ports 302, a pair of output 
ports for each of the N wavelengths. The spectra of 
wavelength separation AX are interleaved with a spatial 
separation between the TE and TM of AXJ2 as shown 
in Fig. 5. As shown by 501 Xo^ and Xo TM are the po- 
larization components of wavelength Xo that appear on 
the pair of output ports 31 2 of WGR 300 associated with 
wavelength Xo. As shown, the TE and TM component 
pairs for different wavelengths, e.g. 501 , 502, 503, are 
separated by AX, while the TE and TM components of 
the same wavelength are spatially separated by a dis- 
tance corresponding to AX/2. 

[0019] Thus, by controlling the path length difference 
of adjacent grating waveguides 310 of Fig. 3 results in 
a WGR 300 having output ports 302 with the desired AX 
wavelength separation and AX/2 TE and TM component 
separations. The resulting WGR device 300 is a Wave- 
length Selective Polarization Beam Splitter (WSPBS) 
for an input WDM signal spectrum with a wavelength 
separation of AX that contains bothTE andTM polarized 
light. Since both the TE and TM components are data 
modulated each wavelength has effectively doubled its 
data transmission capacity. Additionally, since this de- 
vice is completely reciprocal, if N wavelengths of orthog- 
onal polarization are launched into the correct output 
ports 302, the multiplex of the N wavelengths with or- 
thogonal polarization will appear at the input port 301. 
Operated in this manner the device of Fig. 3 acts as a 
Wavelength Selective Polarization Beam Combiner 
(WSPBC). Using a WSPBC device as the multiplexer 
201 and a WSPBS device as the demultiplexer 203 of 
the optical system of Fig. 2 results in the doubling of the 
"spectral efficiency" of that optical system thereby effec- 
tively doubling the data capacity of the optical system. 
Note, if the length of fiber 202 is not too long, it does not 
have to be a polarization maintaining fiber. 
[0020] In an optical system, as the number of wave- 



lengths increases, the wavelength separation between 
adjacent wavelength channels decreases resulting in an 
increase in the four wave mixing that occurs between 
adjacent wavelength channels. Four wave mixing in- 
5 creases directly as af unction of power level of the wave- 
length signals and inversely to the fourth power, i.e., 
(1/AX) 4 , with the distance between adjacent wave- 
lengths. However, four wave mixing occurs only be- 
tween wavelengths of the same polarization. While the 
10 separation of the TE and TM components of the wave- 
lengths in Fig. 5 is AX/2, the adjacent wavelengths of the 
same polarization have a spacing of AX, consequently 
the four level mixing would be about one sixteenth of 
that of a prior art system that utilized non-polarized 
15 wavelengths spaced AX/2 apart. 

[0021] In accordance with another aspect of the 
present invention, WGR 300 is designed so as to further 
decrease four wave mixing. As shown in Fig. 6, the out- 
put port spacing between the output ports 302 of WGR 
20 300 are not uniformly spaced. In this arrangement, ail 
odd wavelengths are TM polarized and all even wave- 
lengths are TE polarized. In this embodiment, the sep- 
aration between wavelengths having the same polari- 
zation is 2AX. The odd and even wavelengths are inter- 
25 leaved together with a AX/2 offset separation therebe- 
tween, e.g., X-1™ and X0^. Since wavelengths of the 
same polarization are separated by 2 AX, e.g., see X-1 
and Xo™, four wave mixing is reduced by a factor of 16 
over that of Fig. 5. 
30 [0022] Figs. 7a and 7b illustratively show, respective- 
ly the core cross section of a grating waveguide of a 
typical WGR and the core cross section of grating 
waveguides, e.g., 311 , of our birefringent WGR. In Fig. 
7a, the core of a grating waveguide of a typical WGR is 
35 illustratively formed from a substrate that has a core ma- 
terial deposited thereon. This core material may, illus- 
tratively, be about 2.1 urn of Indium Phosphide (InP) or 
about 7um of silica. The grating waveguides paths are 
then cladded so as to have a path width of about 1 .9.u.m 
40 if InP is the core material or about 7um if silica is the 
core material. After etching, the prior art grating 
waveguides path would have a cross-section with an as- 
pect ratio (height H to width W ratio) of about one. Thus 
the effective index n is about the same for both the TE 
45 andTM modes. 

[0023] With reference to Fig. 7b, our birefringent 
WGR 300 has grating waveguides paths that are only 
partially etched to have a height of about 0.9um if InP 
is the core material or about 3 .Sum if silica is the core 
50 material. As shown, about half of the core material would 
remain between the grating waveguides paths (1.1 urn 
if InP is the core material or 3.5am if silica is the core 
material). The result is that our birefringent WGR has 
grating waveguides paths with an aspect ratio of about 
55 0.5 rather than about 1 as in the prior art. Consequently, 
the effective difference in index An = TE - TM is about 
0.001 compared to about zero for the prior art arrange- 
ment of Fig. 7a. 



4 



7 



EP1 139 126 A2 



8 



[0024] With reference to Fig. 8, there is shown a dia- 
gram illustrating the range of aspect ratios of the height 
(H) to width (W) that may be used for a grating 
waveguide core of our birefringent WGR. To insure that 
grating waveguide transmission losses are not exces- 
sive, a minimum grating waveguide path width 801 
should be used. The prior art H to W aspect ratios for 
operation using different transverse optical modes 
(1TE. 1TM; 2TE, 2TM; and 3TE, 3TM) are shown in re- 
gions 802 -804. In region 802 one optical mode 1TE, 
1TM is sustained, while in region 803 multiple modes 
1TE, 1TM; 2TE, 2TM are sustained, and in region 803 
multiple modes 1TE, 1TM; 2TE, 2TM; and3TE, 3TM are 
sustained. It should be noted that multiple modes are 
sustained for lower H/W ratios as the width increases 
beyond W. The range for operating aspect ratios to ob- 
tain a desired birefringence for a WGR is shown as 805, 
along with our illustrative 0.5 aspect ratio 806. 
[0025] According to another feature of the present in- 
vention, the cross-section of the core area may have an 
upright or inverted trapezoidal shape as shown in Figs. 
9a and 9b, respectively. The heights H/2 shown in 901 
and 902 are for illustrative purposes only. In general, the 
birefringence is a function of the width and depth of etch 
and the included angle a of the trapezoid. With refer- 
ence to Fig. 2, different sections (321 , 322, and 323) of 
the grating waveguides may alternately use the upright 
and inverted trapezoidal shaped core sections. Since 
the upright or inverted trapezoidal shaped core sections 
have different birefringent characteristics, a combina- 
tion of them can be used to obtain the overall desired 
birefringent characteristics needed for the WGR 300. 



Claims 

1 . A birefringent wavelength grating router comprising 

a first star coupler having an input and a first 
plurality of outputs, the input for receiving an N 
channel wavelength division multiplexed, 
WDM. signal; 

a second star coupler having a first plurality of 
inputs and N pairs, N > 1 , of outputs, each out- 
put pair outputting different orthogonal polari- 
zation components of one wavelength of the 
WDM signal and each output pair having a first 
predetermined spatial wavelength separation 
therebetween and a second predetermined 
spatial wavelength separation from an adjacent 
output pair; and 

an optical grating including a first plurality of un- 
equal length birefringent grating waveguides 
connected between the first plurality of first star 
coupler outputs and the first plurality of second 
star coupler inputs, the path length difference 
of adjacent grating waveguides determining the 
first and second spatial wavelength separa- 



tions. 

2. The birefringent wavelength grating router of claim 
1 wherein the second spatial wavelength separa- 

5 tion is twice the first spatial wavelength separation. 

3. The birefringent wavelength grating router of claim 
1 wherein the unequal length birefringent grating 
waveguides have a cross section core with a height 

10 to width ratio that is significantly less than one. 

4. The birefringent wavelength grating router of claim 
1 wherein the birefringent grating waveguides have 
a core cross section with a height to width ratio of 

15 approximately one half. 

5. The birefringent wavelength grating router of claim 
1 wherein the birefringent grating waveguides have 
a core region made using an Indium Phosphide or 

20 a silica based material. 

6. The birefringent wavelength grating router of claim 
5 wherein the birefringent grating waveguides are 
formed by etching part of the way through a core 

25 layer material deposited on a substrate layer. 

7. The birefringent wavelength grating router of claim 
1 arranged as a wavelength selective polarization 
beam splitter wherein each of the N channels of the 

30 WDM signal contain both a transverse electrical, 
TE, and a transverse magnetic, TM ; components. 

8. The birefringent wavelength grating router of claim 
1 arranged as a wavelength selective polarization 

35 beam combiner where each transverse electrical, 
TE, and a transverse magnetic, TM, components of 
each of the N channels are inputted to correspond- 
ing N pairs of the outputs of the second star coupler 
and where the input of the first star coupler serves 

40 as an output terminal for a multiplexed N channel 
signal including the TE andTM components of each 
of the N wavelengths. 

9. The birefringent wavelength grating router of claim 
45 1 wherein at least one of the birefringent grating 

waveguides have an upright or inverted trapezoidal 
cross-section. 

10. The birefringent wavelength grating router of claim 
so 1 wherein at least one of the birefringent grating 

waveguides includes a plurality of sections, at least 
one section having an upright trapezoidal cross- 
section and at least one section having an inverted 
trapezoidal cross-section. 

55 

11 . A birefringent wavelength grating router comprising 

a first star coupler having an input and a first 



9 



EP 1 139 126 A2 



10 



plurality of outputs, the input for receiving an N 
channel wavelength division multiplexed, 
WDM, signal, wherein the odd and even num- 
bered wavelengths of the N channel WDM input 
signal have different polarization; 5 
a second star coupler having a first plurality of 
inputs and N, N > 1 , outputs, each alternate out- 
put outputting an odd or even numbered wave- 
length of the WDM signal and wherein the out- 
puts of all even and all odd numbered wave- 10 
lengths have a first spatial separation therebe- 
tween and wherein pairs of even and odd num- 
bered wavelength outputs have a second pre- 
determined spatial wavelength separation ther- 
ebetween; and is 
an optical grating including a first plurality of un- 
equal length birefringent grating waveguides 
connected between the first plurality of first star 
coupler outputs and the first plurality of second 
star coupler inputs, the path length difference 20 
of adjacent grating waveguides determining the 
first and second spatial wavelength separa- 
tions. 

12. The birefringent wavelength grating router of claim 25 
11 wherein the outputs of all even and all odd num- 
bered wavelengths are interleaved to be equally 
spaced and the first spatial wavelength separation 

is twice the second spatial wavelength separation. 

30 

13. The birefringent wavelength grating router of claim 
11 wherein the outputs of all even and all odd num- 
bered wavelengths are interleaved but have une- 
qual second spatial wavelength separations be- 
tween adjacent even and odd outputs and wherein 35 
first spatial wavelength separation is four times a 
smaller of the two unequal second spatial wave- 
length separations 

14. A method of operating a birefringent wavelength 40 
grating router comprising the steps of 

receiving an N channel wavelength division 
multiplexed, WDM, signal at an input of a first 
star coupler having a first plurality of outputs; 45 
forming a first and second orthogonal polariza- 
tion component of each of the wavelengths of 
the WDM input signal using birefringent grating 
waveguides connected between the first plural- 
ity of first star coupler outputs and a first plural- so 
ity of inputs of a second star coupler, and 
at the second star coupler having N pairs of out- 
puts, N > 1 , outputting at each output of the out- 
put pair a different one of the polarization com- 
ponents of one wavelength of the WDM signal 55 
and wherein each output pair has a first prede- 
termined spatial wavelength separation there- 
between and a second predetermined spatial 



wavelength separation from an adjacent output 
pair, and wherein the path length difference of 
adjacent grating waveguides determines the 
first and second spatial wavelength separa- 
tions. 
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FIG. 5 



CD 
LJ 



o 



oo 



J i_ 



T 



AX/2 

T 



^ 3 \-1™ = X0TM-(AX/2) 
X-1 TE = A0TE 



■501 



502 



Xo™ = XoTM-(AX/2) 
Xo TE = XOTE 



XI™ = X1TM-(AX/2) 
X1 T£ =XoTE + AX 



CD 



<3 

CO 
Q_ 



li L 



OS 



go 
— I 

co 



4A/2 

r 



X-2 TE = XoTE-(2*AX) 



X-1™ = X0TM-(AX/2) 



Xo TE =AoTE 

XI™ =X0TE + AX 



X2 TE = XOTE + (2*AX) 



X3™ =XoTE + (3*AX) 



CD 



CJ> 

Q_ 
CO 



10 



EP1 139 126 A2 



FIG. 7A 
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FIG. 9A 
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(54) Wavelength selective polarization beam splitter/combiner 



(57) A wavelength selective polarization beam de- 
vice uses waveguide grating routers (WGRs) having bi- 
refringent grating waveguides. When the device is used 
as a splitter it separates different wavelength channels 
of a wavelength division multiplexed (WDM) signal as 



well as the orthogonal polarization components of each 
wavelength channel. Since the WGR device is recipro- 
cal, it can also be used as a combiner to combine the 
orthogonal polarization components of each wave- 
length channel into a WDM signal. 
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